ABSTRACT Coffee berry borer, Hypothenemus hampei (Ferrari) is the most serious insect pest of coffee around the world. Although it is already present in most of the worldÕs major coffee growing regions, it is important to delay further spread and to prevent reintroductions that might include hyperparasites or improve the genetic base of existing populations. Green coffee is shipped around the world for custom blending and roasting and such shipments carry the risk of spreading H. hampei. We used heavily infested coffee berries as a surrogate for green coffee to test the freezing tolerance of H. hampei. After freezing, all life stages of H. hampei were dissected from coffee berries and mortality was assessed. Counting all life stages, Ͼ15,000 insects were measured in this study. A temperature of approximately Ϫ15ЊC (range, Ϫ13.9 to Ϫ15.5) for 48 h provided 100% control of all life stages. A logit regression model predicted Յ1 survivor in a million for treatments of Ϫ20ЊC for 5 d or Ϫ15ЊC for 6 d. A freezing treatment for green coffee might be more economical and acceptable compared with fumigation with methyl bromide, especially for small-scale and organic growers and millers in Hawaii who ship green coffee beans to other islands for custom roasting. Freezing treatments could also be used to kill H. hampei in coffee seeds before export with minimal effects on seed germination if coffee seeds are Þrst dried to critical water content levels in accordance with published methods.
needed for organic and small-scale growers within the quarantined area.
Fumigation with ozone is a potential organic treatment for green coffee, as it has been shown to control both H. hampei and coffee leaf rust (Hemileia vastatrix Berkely and Broome) (Uredinales) without affecting coffee quality (Armstrong 2008; Armstrong et al. 2003 Armstrong et al. , 2005 . However, approval of this treatment by USDA-APHIS is pending and treatment requires a specially constructed fumigation chamber (Armstrong 2008) . Freezing is another potential treatment alternative for control of H. hampei in green coffee. "Quick Freeze" treatments of 48-h duration at Ϫ6.66ЊC (20ЊF) frequently are used for fruit and vegetable imports that are processed (Sharp 1993 , USDA-APHIS 2010 . Freezing is also a common method of controlling stored-product pests (Fields 1992) . However, there are no previously published studies on the effect of freezing on H. hampei. Our goal was to determine the efÞcacy of various time and temperature combinations of freezing temperatures and use these data to develop a model for predicting combinations that will ensure 100% mortality of all life stages.
Materials and Methods
Green coffee (9 Ð12% moisture) is a poor host for H. hampei (Trujillo et al. 1995 , Armstrong 2008 . For this reason, we used freshly-picked, heavily infested coffee berries as a surrogate for green coffee to test the freezing tolerance of H. hampei. After freezing, all life stages of H. hampei were dissected from coffee berries and mortality was assessed.
Twelve kilos of coffee berries (approximately twothirds green berries, one-thirds red or ripe) heavily infested with H. hampei were obtained from a grower in Honomalino, HI on Thursday, 3 March 2011 and transported in coolers within double-sealed plastic bags to the facilities of the U.S. PaciÞc Basin Agricultural Research Center in Hilo, HI. In the cold room (5ЊC), berries were used to partly (one-half to onethird) Þll plastic containers that were Ϸ0.5 liters in volume (11.5 cm top diameter, 8.5 cm bottom diameter, 7.25 cm tall, and with organdy-ventilated lids). Containers had bottoms comprised of a 2-cm-thick poured layer of plaster of Paris and activated charcoal at a 9:1 ratio. This medium regulates humidity and prolongs the quality of coffee berries ). In all cases, care was taken to ensure that those berries assigned to experimental control containers were of the same quality and from the same batches as those assigned to freezing treatments for use on a particular treatment date. To ensure that beetles could not escape, these smaller containers were placed within larger plastic containers that also had organdy inserts in lids. After sorting and setup in the cold room (1.5 h), containers were placed in an environmental chamber set at 20ЊC, 60% RH, and a photoperiod of 12:12 (L:D) h until needed for freezing treatments.
Three different freezers were used in this study. ) (model FCM7SUBWW; General Electric, Hanover, MD). Temperature dials were adjusted to coldest settings for freezers 1 and 2. The third freezer was a walk-in freezer at our research facility set at Ϫ1ЊC and accessed through a cold room set at 5ЊC. Freezing treatments were initiated 5 March 2011 and completed 17 March. Two replications of freezing treatments were carried over time for Ϫ11.5ЊC and 14.9ЊC (freezers 1 and 2). For each replication, samples were added into the freezer at the same time and removed after 24 or 48 h. In the case of the third freezer (Ϫ0.8ЊC treatment), only one replication of treatments was carried out. Samples were added at the same time and removed after intervals of 24, 48, 72, and 120 h.
Before being placed into a freezer, the larger outer plastic containers were removed and the inner containers holding coffee berries were placed in a single layer on the bottom shelf of the freezer. Freezer doors were closed quickly to limit the opportunity for air exchange and temperature increase. Temperatures in freezers and within the environmental chamber were monitored using HOBO U23 Pro v2 data loggers (Onset, Bourne, MA), which recorded every 30 min. Loggers were positioned in freezers next to containers holding berries. Data from loggers indicated that target temperatures (about Ϫ11.5 degrees for freezer 1 and Ϫ15ЊC for freezer 2) were reached within 1 hour of the freezer door being shut, and usually within 30 min. Temperature variation was much less in freezer 3 (large walk-in freezer accessed through cold room).
After freezing treatments, containers holding treated coffee berries were returned to the environmental chamber (set at 20ЊC) for 18 Ð24 h before dissections were begun. Dissections were completed on the day after containers were removed from freezers. Controls were kept in the environmental chamber at 20ЊC until needed for dissections, which were begun and completed on the same day. Two containers holding control berries were dissected on each day that berries treated by freezing also were dissected, except only one container was used on the day that berries held at Ϫ1ЊC for 120 h were dissected. Dissections involved slicing through the middle of the cherry by using a razor blade, then quartering the cherry while counting all life stages (eggs, larvae, pupaeÐprepupae, and adults) and categorizing adults and larvae as living or dead. Dead insects were those that did not move when prodded. Any insects that were damaged while cutting the cherry were not counted. Subsamples of eggs and pupaeÐprepupae were set up in petri dishes on moist Þlter paper and stored at 20ЊC in the environmental chamber mentioned previously. Egg hatch and emergence of pupaeÐprepupae as viable adult insects were determined after 7 and 14 d, respectively. Adults found alive in these pupal holding containers at the end of the 14-d period were considered viable (i.e., not damaged during dissection or by freezing). Observations conÞrmed that no additional egg hatch or emergence to the adult stage occurred after these holding periods (data not shown).
Statistical Analysis of Mortality Data.
To predict mortality effects associated with different time and temperature combinations of freezing treatments, counts of larvae and adults obtained during dissections were used in a Þrst order maximum likelihood logistic regression model. Proportion of dead insects at each temperature and time combination was used as the dependent variable (after correction by using mortality data from experimental controls [insects held at 20ЊC] (Abbott 1925 ) was used as the dependent variable. Temperature (ЊC) and time (h) were used as quantitative independent variables and insect stage (larvae or adults) as a categorical independent variable. Data from experimental controls were not included in the analyses because their inclusion reduced model Þt. This result was expected, because the holding temperature (20ЊC) was well above the lowest temperature which caused mortality. The statistical package used a value 0.5/n as the "smallest proportion" and a constant was included. Computations were carried out using Statgraphics Centurion XVI statistical package software (version 16.1.15, StatPoint Technologies, Inc., Warrenton, VA). The logistic regression equation obtained was used to predict the proportion of H. hampei that would be killed by various time and temperature combinations. The Þt of the model to experimental data were examined using plots of observed versus predicted mortality values and regressions of logit mortality on temperature for various periods of freezing. Because the responses of adults and larvae to freezing were similar (although statistically different), several of these regressions were based on a reduced model that omitted insect stage as an independent variable, as indicated in Þgure legends.
To determine whether freezing treatments might affect the cupping quality of green coffee, we purchased eight commercially packaged bags of green coffee from a coffee grower in the Kona District of Hawaii. Each foil bag held 200 g of unroasted coffee derived from the same production batch. Four of the bags were exposed to Ϫ15ЊC for 7 d, whereas the other four bags were left on the laboratory bench at 23ЊC. All eight bags then were shipped to Dawson Taylor Coffee Roasters in Boise, ID where the eight samples were roasted and cupped to Specialty Coffee Association of America standards by a team of three experienced coffee tasters.
Results
Average treatment temperatures Ϯ SD in freezers 1, 2, and 3 were Ϫ11.5 Ϯ 2.2, Ϫ14.9 Ϯ 0.7, and Ϫ0.8 Ϯ 0.08, respectively ( ]), and lowest in freezer 3, which was a walk-in freezer entered from a cold room. There were 3,887 coffee berries dissected for this study, yielding a total of 15,625 life stages of H. hampei (eggs, larvae, pupaeÐ prepupae, or adults) ( Table 2 ). Control mortality of adults was relatively high at 17.5%. This mortality was mainly because of infection by the fungal pathogen Beauveria bassiana (data not shown). Mortality of larvae in experimental controls was low at 2.3%.
Using a temperature of Ϫ11.5ЊC, larvae of H. hampei were the most tolerant stage (Tables 2, 3 , and 4). Small percentages of larvae (1.7%) and eggs (0.5%) survived 48 h of freezing. These surviving larvae (13 in number) were held for 24 h on moist Þlter paper, but all died within 24 h (Table 5) . No other stage survived this treatment. Using a temperature of Ϫ14.9ЊC, eggs were the most resistant stage, with an egg hatch rate of 1.4% after a 24-h exposure. At this temperature, no other stages survived 24 h of freezing, and no stages survived the 48-h exposure (Tables 2, 3 , and 4). With a treatment temperature of Ϫ0.8ЊC for 72 h, survival of adults Freezer 3 Ϫ0.8 (0.08, Ϫ0.9 to Ϫ0.7) Ϫ0.9 (0.14, Ϫ1.2 to Ϫ0.1) Freezer 1 Ϫ11.5 (2.2, Ϫ9.3 to Ϫ14.2) Ϫ11.7 (2.4, Ϫ5.0 to Ϫ15.9) Freezer 2 Ϫ14.9 (0.7, Ϫ13.9 to Ϫ15.5) Ϫ14.9 (1.8, Ϫ8.6 to Ϫ17.7)
Temperature was recorded by data loggers every 30 min. After removal from freezers and before dissection, coffee berries were stored for 18 Ð24 h in an environmental chamber maintained at 20.5ЊC (Ϯ0.5ЊC). This chamber also was used to hold experimental control berries. Note: containers were small, round ventilated plastic cups (about 500 ml) with a 2-cm-thick layer of plaster of Paris/activated charcoal in bottom. Data shown is combined from two replications of freezing treatments carried over time for Ϫ11.5ЊC and 14.9ЊC, whereas treatments at Ϫ0.8ЊC were not replicated. and larvae was 13 and 11%, respectively. When treatment time was extended an additional 2 d (to 120 h), six adults (1.8%) and one larva (0.6%) were found alive (Table 2) . After 24 h on moist Þlter paper, only three of these adults were still alive (Table 5 ). Mortality of eggs or pupaeÐprepupae was not assessed for insects exposed to this temperature.
When mortality data for adults and larvae were Þt in a logistic regression model, the resulting model provided a good Þt to experimental data. Analogous to values of R 2 in ordinary least squares regression, the logistic regression model explained 98.3% of statistical deviance. All three independent variables had P values Յ0.001 (Table 6 ). The equation predicting the proportion of insects killed by freezing for a given temperature, time, and insect life stage was as follows:
where e ϭ the natural logarithm (Ϸ2.718), and "cha" is a mathematical equation that includes temperature (in ЊC), time (in hours), and an added correction factor when the equation is being used to predict mortality of adults instead of larvae (Statgraphics Centurion statistical package output). The equation for "cha" was as follows: cha ϭ Ϫ3.223 Ϫ (0.527) (temperature in ЊC) ϩ (0.0658) (time in h) Ϫ (0.2702) (insect stage ϭ adults). The term "insect stage ϭ adults" takes value of one when the life stage of interest is the adult insect, and a value of zero when the life stage of interest is the larvae. Thus, according to our statistical model for mortality effects associated with freezing of larvae and adult H. hampei, adults are predicted to be slightly more tolerant of freezing. For this reason, an extra mathematical term (0.2702) must be subtracted to "cha" when adults are the stage of interest.
A visual examination of the plot of observed on predicted values for the proportion of insects killed by freezing showed that the prediction model was not noticeably biased at any mortality levels (Fig. 1) . The chi-square goodness of Þt test had a P value of 0.06, indicating that the Þtted model was adequate at the 95.0% conÞdence level. Based on our model, the 99.9999% conÞdence intervals (CI) for the temperature required to cause 100% mortality by using a 48-h treatment can be visually estimated at between Ϫ12 and Ϫ17ЊC for adults and Ϫ12 and Ϫ16ЊC for larvae ( Fig. 2a and b) . Given the similarity in response between adults and larvae, the regressions were rerun leaving out insect stage as an independent variable. Based on this reduced model, the 99.9999% CI for the temperature required to cause 100% mortality was Ϫ6 to Ϫ10ЊC for a 96-h treatment and Ϫ3 to Ϫ7ЊC by using a 120-h treatment ( Fig. 3a and b) . Using the equation derived from parameter estimates in Table 6 , the time and temperature combinations predicted to result in Յ1 surviving adult in a million insects included treatments of Ϫ20ЊC for 5 d or Ϫ15ЊC for 6 d ( Table 7) .
As mentioned previously, a team of three experienced coffee tasters cupped the quality of four bags of green coffee exposed to Ϫ15ЊC for 7 d and four bags of green coffee that were not exposed to freezing treatments. No differences in quality associated with the freezing treatment were detected (Dave Ledgard, personal communication).
Discussion
Our experimental results and modeling suggest that freezing coffee for as little as 5 d at Ϫ20Њshould provide a Pupae were held on moist Þlter paper for 14 d at 20ЊC. Adults found alive in holding containers at the end of the 2-wk period were considered viable (not damaged during dissection or by freezing). larvae, and 142 eggs were tested. Experimental veriÞcation of any proposed treatment is needed using larger sample sizes and treatment conditions that more closely simulate the commercial situation of interest. The apparent Þt of our model with experimental data were very good as demonstrated by the proportion of statistical deviance explained by the model and as indicated by low scatter and lack of bias in the plot of observed versus predicted values for the proportion of insects killed by freezing. However, the ßare of 95% CI in the logit regressions suggests there may be outliers in our experimental data. The most obvious outliers are the 13 out of 751 larvae that survived 48-h exposure to Ϫ11.5ЊC, in comparison to the three out of 852 larvae that survived the 24-h exposure to this same temperature. The reason for the anomaly is not known. However, nine of the 13 larvae in the 48-h exposure were collected from the same coffee cherry, a possible indication that the larvae in that cherry were more insulated from the cold because of an eccentric characteristic of that particular coffee cherry.
Although we used coffee berries in our study, we would expect our results to apply also to green coffee, as this commodity contains less water than coffee berries on an equal volume basis. Beetles within green coffee would be exposed to freezing temperatures . Plot includes eight data points for adults and eight data points for larvae; some data points at upper right are hidden behind others. In the equation, the value of "insect stage" takes a one for adult insects, and zero for larvae. more quickly after initiation of the freezing treatment and would not be insulated by the water-rich pulp. However, our results in terms of time-temperature requirements should not be extrapolated to holding containers that are larger or more insulated than the ones used in our tests (ventilated plastic containers Ϸ0.5 liters in volume, one-third to one-half Þlled with coffee berries). For larger samples, it would be necessary to measure temperature in the warmest areas within the mass of coffee (berries or seeds) in the consignment being treated. Once the warmest areas reach the target cold temperature, the treatment time can begin to be measured. Another caution in extrapolating our results to treatments using green coffee is the possibility that beetles in green coffee, which is a much drier commodity than fresh coffee berries, could be more tolerant of cold temperatures than beetles in whole berries like the ones used in this study. Danks (2000) notes that dehydrated insects may have a lower supercooling point because of increased haemolymph solute concentration. Fields (1992) reviewed the scientiÞc literature (Ͼ30 relevant studies) relating to survival of stored-product insects and mites held at temperatures below their developmental thresholds. In general, he found that at temperatures of 5ЊC or below, death usually occurred within days for insects that were not Þrst acclimated to cool conditions. However, for insects acclimated to cool conditions (10 Ð20ЊC) before cold exposure, survival was dramatically (two to 10 times) higher in most cases. For cold acclimated insects, temperatures between Ϫ10 and 5ЊC resulted in death in weeks or months. However, temperatures between Ϫ25 to Ϫ15ЊC resulted in death within minutes (Fields 1992 ). In our study, insects were held at 20ЊC before freezing exposure. Our results should not be extrapolated to coffee held at cooler temperatures before freezing exposure.
International standards require that the moisture content of green Arabica coffee be between 8 and 12.5% (ICC 2002) . Higher levels of moisture are associated with mustiness (Gautz et al. 2008) . Green coffee at the proper level of moisture content is generally considered a nonhost for H. hampei because processing results in a moisture content too low for H. hampei to reproduce or for life stages to survive for extended periods (Waterhouse and Norris 1989; Armstrong 2008) . However, any adult females that might Þnd their way into a bag or sack of green coffee represent a quarantine risk as "hitchhikers" and are capable of penetrating the surface of green coffee at 9 Ð12% moisture content by chewing into the convex side of the seed near the depressed area (Hernández-Paz and Sanchez de Leon 1972). Corbett (1933) noted that although the process of fermentation and drying the coffee bean is generally fatal to all beetle stages, beetles in small numbers occasionally were found in coffee beans that were "ready for the market" in Malaya (now the Malay Peninsula and the island of Singapore) where he was working as an entomologist. Presumably, these market-ready beans were a reference to green coffee. Armstrong (2008) determined that although H. hampei cannot successfully reproduce in green coffee at moisture contents Յ15%, a low percentage of H. hampei larvae remained alive for up to 30 d at moisture levels of 10 or 15%. Possibly these larvae might mature if beans were rehydrated. Considering the large volume of green coffee shipped internationally, the quarantine risk posed by immature stages of H. hampei and hitching adults in green coffee is important. Quarantine regulations require that all green coffee imported into Hawaii is treated with methyl bromide at origin to kill potential infestations of H. hampei and the urediniospores of coffee leaf rust (Armstrong 2008 , Anonymous 2010 . The treatment requires an 8-h exposure to methyl bromide at 1.36 kg per 28.3 m 3 (3.0 lb per 1,000 ft 3 ) at normal atmospheric pressure. This treatment is more conservative than those prescribed in the APHIS Treatment Manual (which require 2.5Ð 4.0 h, depending on temperature), and it is used under a Hawaii special local needs 24c label (Armstrong 2008 , USDA-APHIS 2012 . Importation of green coffee for purposes of blending and roasting is considered essential for the maintenance of certain business segments within the Hawaii coffee industry (Armstrong et al. 2003) . However, the profitability of these markets is threatened by the costs of green coffee imports. These costs could go up significantly as the cost of methyl bromide increases because of implementation of the 1989 Montreal Protocol phasing out certain uses of this ozone depleting substance (Armstrong 2003) . For this reason, new low-cost quarantine treatment alternatives for green coffee are needed. Although the equipment needed for freezing green coffee would be expensive to purchase and operate, it will already be present in many areas for food storage use, and extra capacity might be available for treating green coffee to kill H. hampei. It should be emphasized that the freezing treatment may not control other important quarantine pests that are controlled by methyl bromide fumigation, such as coffee leaf rust. Two possible pathways by which H. hampei can be spread are in shipments of green coffee and in seeds of coffee that are transported for planting. Although fumigation with methyl bromide is the standard treatment for internationally shipped green coffee, this treatment is presumably not an option for coffee seeds because it might result in loss of seed viability. The international movement of coffee seeds (which are generally kept at Ͼ30% moisture to maintain seed viability) is thought to be an important means by which H. hampei has been spread from country to country (Trujillo et al. 1995 , Gauthier 2010 . Arabica coffee seed viability can be extended by several methods, as related by Wintgens (2009) and van der Vossen (1985) . Seeds remain viable for up to 1 yr if stored in a cool location as parchment seeds (40 Ð 45% moisture content) in humidiÞed charcoal. Alternatively, high viability can be maintained for 30 mo by storing humid parchment seeds (40 Ð 41% moisture content) in airtight polythene bags at a temperature of 15ЊC. Wintgens (2009) states that temperatures below Ϫ15ЊC are lethal for coffee seeds. This author was possibly unaware of the work by Eira et al. (1999) . Their research on Arabica coffee seeds was designed to Þnd methods to prolong seed viability at freezing temperatures. They demonstrated that high seed viability (Ϸ80% germination) could be maintained if seeds were Þrst desiccated to a critical water content of 0.12 kg/kg (deÞned as g H 2 O/g dry mass) and then frozen at Ϫ20ЊC for 30 d (Eira et al. 1999 ). This critical water content of 0.12 kg/kg corresponds to a moisture content of 10.7% for green coffee by using the internationally accepted method for calculation (wet weight Ϫ dry weight)/(wet weight) (Gautz et al. 2008) . At water contents only slightly above or below the critical level of 0.12 kg/kg, germination fell off rapidly in most of the Arabica cultivars tested (Eira et al. 1999) . Integrating their results with our own suggests that a quarantine treatment of Ϫ20ЊC could be used to treat Arabica coffee seeds before export for 5 d or longer to ensure control of coffee berry borer without sacriÞcing high seed viability upon arrival at destination. Such a treatment might be a practical method for disinfesting coffee seed of H. hampei in cases where the size of the seed consignment renders impractical other exclusion methods such as inspection.
Because H. hampei is such a serious pest of coffee, it is critical to prevent its further spread in Hawaii. It is also important to protect against reintroductions around the world that could spread hyperparasites of important natural enemies or improve the genetic base of existing pest populations. Gauthier (2010) studied the population genetics of. H. hampei using microsatellite markers. After examining individuals from 37 locations in 18 countries around the world, he identiÞed Þve distinct geographically related clusters of H. hampei. Differences among clusters were large enough to suggest that each cluster could represent a different, cryptic species. These Þndings underscore the importance of using effective quarantine treatments to prevent the spread of H. hampei in all of its forms. It also suggests that research is necessary to determine the response of each cluster to a proposed quarantine treatment.
